Latitudinal variation in life-history traits is often explained by phenotypically plastic responses or local adaptations to different thermal regimes. We compared growth, maturation schedules and reproductive investment of female sole Solea solea between 8 populations, covering much of the species' distribution in northern Europe, with respect to thermal gradients. An energy allocation model was fitted to size-age data, and probabilistic maturation reaction norms were estimated from size-age-maturity data. We found that northern populations from colder environments had higher rates of energy acquisition and reproductive investment, an intrinsic tendency to mature earlier, and had smaller asymptotic sizes than southern populations from warmer environments. Consequently, growth rate was higher before maturation but lower after maturation in the north compared to the south. This is opposite to Bergmann's rule according to which slower growth, delayed maturation and larger asymptotic sizes are usually observed at lower temperatures. The observed patterns could indicate strong countergradient thermal adaptation for rapid growth and development as well as sustained fecundity in the north, or indicate a response to other selection pressures correlated with the thermal gradient. Potentially higher mortality in northern populations during cold winters might be one of the key drivers of the observed geographical variation in growth and maturation of sole.
Abstract:
Latitudinal variation in life-history traits is often explained by phenotypically plastic responses or local adaptations to different thermal regimes. We compared growth, maturation schedules and reproductive investment of female sole Solea solea between 8 populations, covering much of the species' distribution in northern Europe, with respect to thermal gradients. An energy allocation model was fitted to size-age data, and probabilistic maturation reaction norms were estimated from size-age-maturity data. We found that northern populations from colder environments had higher rates of energy acquisition and reproductive investment, an intrinsic tendency to mature earlier, and had smaller asymptotic sizes than southern populations from warmer environments. Consequently, growth rate was higher before maturation but lower after maturation in the north compared to the south. This is opposite to Bergmann's rule according to which slower growth, delayed maturation and larger asymptotic sizes are usually observed at lower temperatures. The observed patterns could indicate strong countergradient thermal adaptation for rapid growth and development as well as sustained fecundity in the north, or indicate a response to other selection pressures correlated with the thermal gradient. Potentially higher mortality in northern populations during cold winters might be one of the key drivers of the observed geographical variation in growth and maturation of sole.
Introduction

50
Adaptation along thermal gradients 51
The ecological and evolutionary processes behind latitudinal variation in phenotypes have 52 captured the attention of biologists for a long time, but in many cases the relative importance 53 of these processes remains unclear. With increasing human interference on ecosystems and 54 corresponding demands for assessment and mitigation of its consequences, it is urgent to 55 estimate the causes and magnitude of naturally occurring as well as human-induced processes 56 together with their interactions Schultz, 1995, Conover et al., 2009) . 57
Environmental heterogeneity in biotic or abiotic factors often changes gradually with latitude, 58 and one of the most studied drivers of latitudinal clinal variation is temperature. Several 59 biogeographical rules have been put forth to explain temperature-driven phenotypic patterns, 60 one example being Bergmann's rule (Bergmann, 1847) . This rule, originally applied to 61 endotherms and mostly observed in birds and mammals (Blackburn and Hawkins, 2004) , 62 asserts that body size within species increases with latitude and colder climate, or that within 63 closely related species differing mainly in relation to size, one would expect the larger 64 species to be found at the higher latitude. This pattern may be explained by the lower surface 65 to volume ratio of the larger body size if the dissipation of thermal energy is costly (colder 66 environments), or by the higher surface to volume ratio of smaller body size if the 67 accumulation of surplus thermal energy is costly (warm environments). The application of 68
Bergmann's rule to ectotherms has yielded mixed results; depending on the species 69 researches have reported Bergmann size patterns but also its reverse, known as Converse 70 approaches, which are able to approximate the genotypic value of traits by combining 107 phenotypic and environmental field data (see e.g. , could also be used for 108 detecting CoGV and CnGV. Here we combine energy allocation modelling together with a 109 reaction norm-based analysis of maturation to study phenotypic latitudinal clines in life-110 history traits (energy acquisition, growth rate, reproductive investment, age and size at 111 maturation) and, to our knowledge, are the first ones to apply such an approach. 112
Life history and energy allocation 113
Life history traits are correlated both genetically and phenotypically, which is challenging for 114 studying life-history adaptation. Phenotypic variation across environments, be it from genetic 115 and/or plastic origin, in the allocation of resources to growth and reproduction may maximize 116 individuals' fitness in the environment they experience (Stearns, 1992; Roff, 1992) . Since 117 some energy is channelled towards reproduction after maturation, less energy becomes 118 available to growth. Growth rate is thus expected to decrease discontinuously at maturation 119 (West et al., 2001 ). Through modelling of energy allocation, the shape of an individual's 120 6 growth curve therefore informs about the onset of maturation and reproductive investment 121 (Mollet et al., 2010; Brunel et al., in press) . 122
The likelihood of maturation across different environments is conveniently illustrated by the 123 probabilistic maturation reaction norm (PMRNs, . Reaction norms in 124 general describe how a certain genotype is translated into different phenotypes depending on 125 environmental conditions. PMRNs in particular depict how individuals' maturation 126 probability varies with age and size conditional on individuals being still immature and 127 having survived and grown until these age and size. The most important determinant for 128 maturation is likely growth rate (Bernardo, 1993), and PMRNs disentangle plastic variation 129 in maturation probability under the assumption that environmental variability affects 130 maturation through its effect on growth rate. Energy-allocation modelling and PMRNs are 131 therefore both powerful tools to assess life-history traits by simultaneously capturing the 132 inherent correlations among these traits and disentangling plastic and genetic variation. Their 133 application requires age, size and maturity data (and may be extended to incorporate any 134 other environmental or environmentally driven variables). 135
Sole 136
Here we study geographic patterns of variation in growth, maturation schedules and 137 reproductive investment of the common sole (Solea solea). This is an important commercial 138 species in waters down to about 60 m and targeted in demersal mixed fisheries (Millner et the North Sea for instance there are more sub-stocks present (Fig. 2 , Rijnsdorp et al., 1992) . 146
Growth rates in the Atlantic Ocean are higher than in the North Sea and the Mediterranean 147 (Deniel, 1981; Horwood, 1993) . There are also clear geographical patterns of variation in the 148 fecundity-size relationship, egg size and timing of the spawning period (Witthames et al., 149 1995; Rijnsdorp and Vingerhoed, 1994; Fincham et al., 2013) . These patterns may be related 150 to a gradient in fecundity-regulating mechanisms changing from determinate fecundity type 151 in the early spawning southern populations to indeterminate fecundity type in the later 152 spawning northern populations (Rijnsdorp and Witthames, 2005) . 153
Contribution of this study 154
In this paper we take a novel approach to latitudinal life-history clines by using an energy 155 
Materials and Methods
165
Data sources and populations 166
The data cover biological samples from eight populations distributed between the Bay of 167
Biscay in the south and the Irish Sea and North Sea in the north (Fig. 2) accounted for by the size-specific acquisition rate, i.e. a is the size-specific rate of energy 207 inflow that remains after first meeting the energy requirements for maintenance. This implies 208 that the rate of absolute energy acquisition and the rate of expenditure for maintenance scale 209 10 equally with body weight (see e.g. Lester et al., 2004 weights of different compartments due to variable body condition when using total weight, 229 length records were transformed to somatic weight by using a length-weight relationship (see 230 11 eq. 6 below) evaluated at the seasonal minimal average body condition in each management 231 area. 232
The available weight-at-age data are biased and not representative of the population because 233 of (i) the length stratified sampling design and (ii) truncation of the size distribution due to 234 the mesh size used (research vessel survey samples) and the minimum landing size 235 (commercial samples). In contrast, sampling and fishing are not selective for age (conditional 236 on size), and we can therefore assume that our samples provide representative age 237 distributions within a size class. By fitting the growth model to age-at-somatic weight instead 238 of somatic weight-at-age data, the sampling bias described above can be avoided. Growth 239 function (2.1) was inverted to obtained age t as a function of somatic weight w using a size-240
instead of an age-dependent Heaviside step function: 241
Growth model fitting 243
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Because individuals have different schedules for the start of vitellogenesis and because spent 298 and immature ovaries are sometimes difficult to distinguish it was recommended to study the 299 maturation characteristics prior to spawning as soon as the probability to detect maturity (or 300 as vitellogenesis had started) is high (Mollet et al., 2007) . As the spawning seasons differ 301 between populations (Fig. 7 , Rijnsdorp and Vingerhoed, 1994), we determined specific 302 sampling periods for each population based on the seasonal cycle in body condition. It is well 303 established that the seasonal cycle in body condition reflects the seasonal pattern in feeding 304 and spawning. Body condition is built up during the feeding period, while a minimum 305 condition occurs immediately after fish have reproduced (Rijnsdorp, 1990; Deniel, 1981) . 306
Body condition was modelled according to the following seasonal weight-length-relationship: 307 Vingerhoed, 1994) and the spawning low or end of spawning derived from the minimal 313 annual condition (see eq. 5 above, Fig. 3) . To analyze maturation, we selected data from the 5 314 months prior to the expected spawning peak of the corresponding stocks. Model (5) was also 315 used to estimate somatic weight used for fitting the inverted growth model (2.2) (see Section 316 "Growth and energy allocation model" above). 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 because they do not account for growth plasticity and survival probability. To account for 319 this, probabilistic maturation reaction norms (PMRNs) were used to describe the probability 320 of an immature individual to become sexually mature as a function of its age and size (and 321 thus of the effective growth rate) conditional on surviving until that age and size (Heino et al., 322 2002). For each area, the probability of being mature ) , ( l t o as a function of age t and length 323 l was estimated from individual maturity data by logistic regression according to the 324 following linear predictor model:
where l t o , is the proportion of mature fish per age and length class, t is continuous corrected 327 age (yr), l is length (cm), and the  's are the parameters of the model. As first time 328 spawners in sole cannot be distinguished from repeat spawners, the probability of becoming 329
at a certain age t and length l was calculated from the probability of being 330
at those age and length minus the probability of being already mature one year 331
, conditional on the probability of being immature in the previous year 332
while accounting for the length increment ( l  )from age 1  t
We assumed that the growth rate and mortality rate at a certain age and size are the same for 336 immature and mature individuals. Although this may not be true in reality, the method is 337 robust to the relaxation of this assumption (Barot et al., 2004) . ) ( P50 t L is used to denote the 338 length at a given age t at which the probability of becoming mature is 50%. Estimation of 339 length increments was based on the fitted growth curves previously estimated (eq. 2, see 340 16 above). To obtain confidence intervals of the P50 L values, the original data set was 341 bootstrapped for each area with 10 4 repetitions. 342
Differences in PMRN between the areas, i.e. in P50 L -at-age, were tested using a 343 randomization approach. For this purpose, each data point was randomly allocated to a 344 management area irrespective of its geographical origin while respecting the same sample 345 sizes per area as in the original dataset, thus randomizing data across management areas. 346
From this randomized data set, PMRNs in each area and differences in P50
L -at-age between 347 areas were calculated. This procedure was repeated 10 4 times. To assess how likely the 348 observed differences between areas might have arisen only by chance, the p-value of the 349 randomization test was given as the proportion of randomized samples for which the 350 differences in P50 L -at-age were equal to or greater than the observed differences. The three growth models (the area random effect model, the latitude effect model and the 365 temperature effect model) fitted very well age-at-size data (see Fig. 4 Table 2 ). The 371 latitude and the temperature effect models that included a linear dependency (eq. 4) of growth 372 parameters (eq. 2.2) on latitude or temperature resulted in a better (lower) AIC than the 373 model area random effect (Table 3) The size-specific life-history estimates showed a clear spatial pattern: rates of energy 390 acquisition a and reproductive investment c decreased with increasing temperature 391 (increased with increasing latitude), whereas the onset of maturation (size mat w or age mat t at 392 maturation) was delayed at warmer temperature (precocious at higher latitude, Fig. 5) . 393
Temperature increase led to a greater proportional decrease in energy acquisition a than in 394 reproductive investment c , as measured by the ratios between their respective slopes and 395 intercepts ( Table 4) Table 2) . 397
In summary, sole at lower temperatures in the north grew faster, matured earlier, invested 398 more into reproduction, and reached a smaller asymptotic size. As a consequence growth 399 curves differed across populations between juvenile and adult stages: juvenile size-at-age was 400 larger at lower temperatures in the north whereas adult size-at-age was larger at higher 401 temperatures in the south (Fig. 4 and 6) . Since the majority of sole have matured by age 3 in 402 all but one of the populations (see maturity probability-at-age in Table 1 and mat t in Table 2),   403 the trend in size-at-age with temperature already started to reverse at age 3 (Fig. 6) . 404
The eight sole populations showed variable probabilistic maturation reaction norm (PMRN) 405 shapes, with PMRN midpoints (or P50 L ) that either decreased with age (such as in area 8a) or 406 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 slightly increased with age (such as in area 7fg, Fig. 7) . As a result, the relationships of P50 L 407 with temperature or latitude depended on the age group considered. For age groups 2 to 4 408 across which about 90% of individuals mature, P50 L tended to increase with increasing 409 temperature (decrease with increasing latitude, Fig. 8 ). For age 3 when most individuals 410 spawn for the first time, the regression on temperature was significant at a level of α=0.103, 411 for latitude at a level of α=0.025. The maturation probability at a certain size and age was 412 thus higher in the north than in the south, implying that maturation occurs on average earlier 413 in the north, where temperatures are lower, than in the south, where temperatures are higher. 414
Randomization tests (10 4 replicates) performed for age 3 showed that most of the pairwise 415 differences in P50 L between areas were significant except for the following groups of 416 populations: 1) 7a, 7e & 4c; 2) 7a & 4bE; 3) 4bW & 7d (Table 5) . 417
Discussion
418
Main findings 419
We examined a set of biological traits in eight sole populations experiencing different 420 temperature conditions along a latitudinal gradient. Comparison of energy allocation models 421 fitted to different populations revealed that northern, cold-water populations were 422 characterized by faster energy acquisition rates, earlier onset of maturation at smaller sizes, 423 higher reproductive investment, and lower asymptotic weights. PMRNs -which, by 424 controlling for differences in growth rate, can be interpreted as an approximation of the 425 genotypic value of maturation probability under the assumption that most plastic variation in 426 maturation age and size originates from variation in growth -furthermore revealed that at a 427 given age and size, fish of northerly populations were more likely to commence reproduction 428 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (Fig. 1B) , it can be excluded likewise that the studied sole 447 populations were subject to CoGV. 448
In contrast, the observed patterns might be in line with hypothesis H 3 assuming local 449 adaptation generating countergradient genetic variation (CnGV), opposite to the 450 phenotypically plastic response (Fig. 1C) . In case of CnGV, it is usually observed that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21 populations living in colder environments show similar energy acquisition rates compared to 452 populations in warmer environments (Conover and Present, 1990 ). In theory, very strong 453 CnGV in energy acquisition, and resulting growth rate, may overcompensate for the plastic 454 decrease in energy acquisition at lower temperatures and lead to size patterns complying with 455 Bergmann's rule, i.e. larger sizes at higher latitudes and colder environments (Conover et al. 456 2009). This is precisely what we observed for juvenile size-at-age. Local adaptation may also 457 have occurred in maturation generating again CnGV. PMRN midpoints increased with 458 increasing temperature (decreased with increasing latitude) which can be interpreted as 459
CnGV compensating for delayed maturation expected from the plastic decrease in growth 460 rate in colder environments (see also Vainikka et al. 2009 ). Finally, the observed increase of 461 reproductive investment with increasing latitude and decreasing temperature may also be 462 interpreted as local adaptation that generates CnGV in the sense of mitigating the decrease in 463 fecundity due to the plastic decrease of energy acquisition. It results that higher latitudes and 464 colder environments were also characterized by earlier maturation and stronger reproductive 465 investment so that resulting adult size-at-age and asymptotic size followed a converse 466
Bergmann's rule contrary to juvenile size-at-age. This highlights the complexity of predicting 467 the result of local adaptation on a single trait, here size-at-age, when multivariate evolution of 468 life-history traits -growth rate, maturation, reproductive investment -is involved. 469
The pattern observed across the studied sole populations reveals that local adaptation not only 470 compensates but clearly overrides the plastic response to temperature. We might therefore 471 assume either that CnGV is highly adaptive or that life history is affected by other factors 472 than temperature that correlate with the latitudinal gradient, as physiological adaption to 473 temperature is unlikely to be the only factor generating differences in life history between 474 populations. 475 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22
Adaptation to other gradient-related factors 476
As an alternative to highly adaptive CnGV in response to the temperature gradient, local 477 adaptation along a gradient in natural mortality could be a plausible explanation. It is well 478 known that both adults and juveniles of northern sole populations can suffer significantly 479 elevated mortality rates during cold winters (Woodhead, 1964; Horwood and Millner, 1998) . 480
Environmentally induced mortality may increase variability in recruitment (Rijnsdorp et al., 481 1992) , in line with the observed latitudinal trend in the coefficient of variation in recruitment 482 from 19% in the Bay of Biscay to 90% in the North Sea (Table 2 ). Since size-independent 483 mortality accelerates the pace of life history (Ernande et al., 2004; Jørgensen, 2013) , it could 484 be the main driver for the observed higher juvenile growth rates, earlier maturation and 485 higher reproductive investment of northern populations. However, also negatively size-486 dependent mortality could induce higher juvenile growth rates but not earlier maturation 487
(Abrams and Rowe 1996). 488
Differences in per capita food availability (including as a result of the effect of population 489 density on growth) might also explain our results and would be reflected in the different 490 estimates of the size-specific energy acquisition rate a . Since these estimates are higher for 491 the northern populations, per capita food availability would have to be assumed higher in the 492 north (Fig. 5) . There is however no evidence for such pattern, as estimates for food 493 availability are not available and exploitation rates, from which an effect of density-494 dependent growth could be inferred, have been similar across populations (see below). 495
The results of this study are thus in line with local adaptation either due to CnGV generated 496 by physiological adaptation to temperature along the latitudinal gradient (CnGV; hypothesis 497 H3 in Fig. 1C) , or due to life-history adaptation to the latitudinal trend in natural mortality. Such growth-independent temperature effect would lead to a downward shift of the PMRN 533 towards lower P50 L values in warmer areas (Grift et al., 2003; Mollet 2007 ). However, the 534 differences in PMRNs found in this study were opposite to those expected from a growth-535 independent temperature effect: the cold-water populations were more likely to mature at a 536 given age and size. Also condition and resource availability have been reported to explain 537 variation in maturation probability additional to growth rates in terms of age and length (Grift 538 et al., 2007, Uusi-Heikkilä et al., 2011). However, relating condition to maturation from wild 539 capture data is uncertain because condition changes seasonally as a consequence of the 540 annual process of reproduction: condition increases as an individual starts to store energy 541 resources in somatic tissue for the subsequent spawning season and decreases as these 542 resources are allocated to gonads that are subsequently spawned. Since maturity can be 543 observed only as soon as energy resources have been allocated to gonads, the condition of an 544 individual observed at this same moment is not a robust indicator for the likelihood of its 545 maturity. Furthermore, condition may randomly vary on short time scales due to short-term 546 changes in food availability (see discussion about per capita food availability above). If there 547 25 were persistent longer-term differences in per capita food availability between the 548 populations it would likely also have induced a difference in average growth rates in terms of 549 length, which would however have been captured by the PMRN. But there is no evidence to 550 support any such speculations (see above). Given that the observed patterns were opposite to 551 those expected from the major potential environmental effect for which there is evidence for 552 differences between the environments of the here studied populations, i.e. temperature, we 553
conclude that the population differences in PMRNs found in this study are likely of genetic 554 nature. 555
Conclusions 556
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